Colossal enhancement of magnetoresistance in Lao erSro asMnOs / Pro eyCao ssMnOs 
multilayers: reproducing the phase-separation scenario 
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Colossal enhancement of magnetoresistance has been achieved over a broad temperature range 
which extends upto the room temperature, in ferromagnetic metal-charge ordered insulator man- 
ganite multi-layers. The artificially created phase coexistence in the multilayers reproduce the 
characteristic signatures of metastability in the magnetotransport properties commonly observed in 
electronically phase-separated manganites. 

PACS numbers: 75.47.Lx, 73.63.-b 



There are numerous experimental evidences available 
now which confirm that transition metal oxides such as 
manganites are electronically inhomogeneousi"— . The 
length scale of these inhomogeneities or the so called 
phase separation varies from nanometer up to few mi- 
crons. Moreover, these inhomogeneities can be manipu- 
lated by application of external stimuli such as tempera- 
ture, magnetic field, etc. Theoretically, however, only 
nanoscale inhomogeneities have been predicted. It is 
generally believed that only mesoscale inhomogeneities 
can give rise to colossal magnetoresistance. Uehara et 
alii explained the colossal magnetoresistance in a system 
of coexisting phases such a ferromagnetic metallic (FM) 
and antiferromagnetic insulator (AFI). The spin align- 
ment among the FM domains are random which becomes 
aligned on application of magnetic field resulting in gi- 
gantic enhancement of conductivity. It was suggested 
that such mesoscopic phase separation was necessary for 
colossal responses. Besides this spatially static phase- 
separation picture, Fath et ali^ presented an alternative 
explanation where the increase of FM volume fraction 
at the cost of AFI domain on application of magnetic 
field forming a percolation cluster leads to the colossal 
enhancement of conductivity. Later on, different exper- 
imental techniques such as magnetic force microscopy, 
transmission electron microscopy, photoemission spectro- 
microscopy have been employed for probing phase sepa- 
ration^"—. Zhang et al4 showed that magnetic domains 
evolve with temperature resulting in magnetic hysteresis 
which coincides with the hysteresis in resistivity. Loudon 
et ali^ suggested that the mesoscopic ferromagnetic re- 
gion is itself inhomogeneous at the nanoscale with co- 
existing metallic and charge-ordered regions. Sarma et 
alj^ indicated a possible memory effect associated with 
the electronic inhomogeneities. Apart from the micro- 
scopic probes, the electronic phase separation can be 
detected by studying the macroscopic properties such 
as transport and magnetization. Very recently, mag- 
netic structure of a series of Lao.erSro.ssMnOa (LSMO) / 
Pro.erCao.asMnOs (PCMO) superlattices has been stud- 
ied, and the possibility of tuning phase separation by im- 
posing appropriate geometrical constraints which favor 
the accommodation of FM nanoclusters within the "non- 
FM" material has been emphasized^. In this article, we 
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FIG. 1: (Color online) The temperature dependence of resis- 
tivity in absence as well as in presence of strong magnetic field 
for A) PCMO and B) LSMO films. C) Logarithm of resistivity 
plotted against inverse of temperature for PCMO. The linear 
fits indicate two different regions. The blown out portion of 
the transition region is shown where the arrow-head corre- 
sponds to Tco- D) A representative x-ray diffraction 9 — 29 
scan for one of the multilayers (LSPC3) showing oscillation of 
the Bragg-peak (002) characteristic of superlattice structures. 



will show that if the thickness of the alternate layers in 
LSMO/PCMO superlattice is properly tuned, it is pos- 
sible to mimic the characteristic transport and magnetic 
responses of spontaneously phase separated manganites. 

Manganite multilayers are also interesting from the 
technological point of view since they are capable of ex- 
hibiting colossal magnetoresistance. The systems which 
exhibit large magnetoresistance (MR) are technologically 
useful for application as magnetic field sensors and mem- 
ory devices. Microfabricated devices such as magnetic 
tunnel junctionsl^ do exhibit large MR. However, the 
sample fabrication is extremely difficult, costly and time- 
consuming. Moreover, there are other serious issues such 
as the sharp bias dependence of tunnel magnetoresistance 
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FIG. 2: (Color online) A; The temperature dependence of 
zero-field cooled resistivity during the cooling and warming 
cycle for all the samples. B: Field cooled magnetization vs. 
temperature curves for all the samples with data taken in 
the cooling and warming cycles, LSPC3 showing significantly 
large hysteresis. The hysteresis loop is open since here the 
warming cycle is followed by the cooling cycle. C: The tem- 
perature dependence of magnetoresistance at 70 kOe for all 
the samples. D: The same at 5 kOe. The magnetoresistance 
is defined as Ap/po = {pn - po)/po 



(TMR)ii^ and enhanced noise due to high junction re- 
sistancei^ or magnetic fluctuations^^. In this respect, 
manganite multilayers can become a useful alternative 
in that they can be easily grown and do not necessarily 
need to be microfabricated. The resistance is much less 
compared to the MTJs and hence the noise level is low. 
Very recently, it was shown that the reduction in indi- 
vidual layer thickness in an all-ferromagnetic manganite 
multilayers can lead to giant enhancement of room tem- 
perature MRi^, followed by observation of large room 
temperature MR in another all-ferromagnetic manganite 
superlattice^'^. On the other hand, there are several re- 
ports on ferromagnetic/ antiferromagnetic manganite su- 
perlattice systems^iiiriS. However, in all those cases, as 
will be discussed later on, the magnetoresistive response 
is either miniscule or confined within a very short tem- 
perature range away from room temperature. In this let- 
ter, we will also show that it is possible to achieve colossal 
magnetoresistive response over a wide temperature range 
even in ferromagnetic metal - antiferromagnetic charge- 
ordered insulator LSMO/PCMO multilayers. 

Five multilayers have been prepared using pulsed 
laser ablation of Lao.eySro.ssMnOa (LSMO) and 
Pro.erCao.asMnOs (PCMO) ceramic targets, deposited 
on SrTiOa substrates held at a temperature 800° C in 
350 mTorr oxygen pressure. The prepared multilayers 
can be divided into two sets having different volume ra- 



tio of LSMO and PCMO. The first set contains multilay- 
ers where the volume ratio of LSMO and PCMO is 1:1, 
while for the second set the volume ratio is 3:2. The de- 
tailed description of the different samples has been given 
in Table: HI The x-ray diffraction 6 — 26 scan plotted in 
Fig: [Tp shows the (002) distinct superlattice reflections 
(Fig: [Tp) for LSPC3. The sample diffraction peaks are 
as sharp as the substrate peak, indicating high structural 
quality. The calculated out-of-plane lattice parameters 
for LSMO and PCMO for the multilayers turn out to be 
3.85 and 3.75A, respectively. These values being smaller 
than the corresponding bulk values 3.88 and 3.83^1, re- 
spectively, confirms the highly epitaxial nature of the 
multilayers and the bi-axial in-plane tensile stress due 
to the substrate. The magnetotransport properties have 
been studied using the usual four probe method with the 
magnetic field applied parallel to the electric field. 

In addition, as reference samples, transport proper- 
ties of LSMO and PCMO films of thickness 500A de- 
posited on STO substrates have been studied. The resis- 
tivities of both films show very weak sensitivity to mag- 
netic field (Fig: [TJ\, B). It is obvious from Fig: [TJ\ that 
even a magnetic field as high as 70 kOe is unable to 
destabilize, presumably, what should essentially be the 
charge-ordered state in PCMO. It is difficult to pinpoint 
the charge ordering transition from magnetization mea- 
surement due to extremely weak magnetic signal of the 
film superimposed on the large diamagnetic signal of the 
substrate. The charge ordering temperature can be as- 
certained from the temperature dependence of resistivity 
using the methodology employed in ref^*^, in which Tco 
can be determined from the plot of logp against 1/T, as 
shown in Fig. [Tp. The plot shows three regimes where 
the high temperature and the low temperature regime is 
separated by a transition region within which p increases 
more strongly. In this case, Tco turns out to be 255 K, 
well above the Tco = 220K for the corresponding bulk 
sample^i. This is consistent with previous results where 
enhancement of Tco due to bi-axial strain (compared to 
the bulk) was observed in films The critical magnetic 
field for charge-order melting in the corresponding bulk 
sample is about 60 kOe2^ while for the present case, the 
critical field seems to be beyond 70 kOe which is consis- 
tent with the enhanced value of Tco- The biaxial strain 
can influence two important parameters which determine 
the co-operative interaction and hence the transport or 
the magnetic properties: 1) The extension or contraction 
of the Mn-O-Mn bond-length leads to a large reduction 
or enhancement of the electronic hopping amplitude; 2) 
the increased Jahn- Teller distortion leads to localization 
of electrons. The experimental results for PCMO film 
described here are in agreement with already published 
report22, and suggest that the bi-axial strain imposed by 
the substrate stabilizes the charge ordering in PCMO 
film. 

The resistivity and the field cooled magnetization of all 
the samples in absence of magnetic field during the cool- 
ing and warming cycle has been plotted in Fig: [2JV, B 
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TABLE I: Detailed description of the multilayers studied 



Sample 


Description 


P5K 


PSOOK 


Tc 


Tmi 
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FIG. 3; (Color online) The magnetic field dependence of magnetoresistance for all the samples at different temperatures. All 
the multilayers exhibit varying degree of metastability at low temperature. 



respectively. There are a few interesting points 1) Keep- 
ing the LSMO/PCMO volume ratio constant at 1 : 1, as 
the number of interfaces is increased, the low tempera- 
ture resistivity increases significantly. 2) As the LSMO 
volume fraction is increased the temperature dependence 
of resistivity becomes distinctly metallic with high value 
of Tmi- Keeping the volume ratio constant, the increase 
in PCMO layer thickness leads to reduction in Tmi value. 
3) Particularly for LSPC3, both the resistivity and the 
field-cooled magnetization curves during the cooling and 
warming cycle shows hysteresis. 

Although the parent materials LSMO and PCMO 
hardly exhibit any significant MR within the temper- 
ature range 5 — 300 K, extra-ordinary enhancement of 
MR has been observed for all the multilayers (Fig:[2P, D 
and Fig:©. LSPCl and LSPC2 exhibits close to 100% 
MR (here the MR has been calculated using the so-called 



pessimistic definition) over a wide temperature range and 
the magnetoresistance is quite large even at low magnetic 
field (Fig:[2t)). As the thickness of the LSMO layer or the 
volume fraction of LSMO is further increased, large mag- 
netoresistance is observed near room temperature. 

The electronic conduction in manganites is governed 
by the competition between different energy scales such 
as the kinetic energy of the Cg electrons and the on-site 
Coulomb repulsion. If both energy scales become compa- 
rable, which is most likely for narrow bandwidth systems, 
there is a tendency towards phase separation into ferro- 
magnetic metallic and anti-ferromagnetic charge-ordered 
insulating regiona^i. In this case, the phase coexistence 
has been introduced artificially by depositing alternate 
LSMO and PCMO layers of nanoscale thickness, and the 
magnetotransport properties observed mimic the prop- 
erties exhibited by electronically phase-separated man- 
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FIG. 4: (Color online) A) The bias dependence of MR (the 
bias dependence of MR of a granular NSMO film is shown 
in the inset for comparison) at 200 K for LSPCl. B) The 
magnetic relaxation data for LSPC3 at different tempera- 
tures C) The temperature dependence of resistivity and D) 
the magnetic field dependence of resistivity for LSPC3 and 
bulk PCSMO (for comparison) at 4 K showing signatures of 
metastability. 



ganites, for example, metastability, long-time magnetic 
relaxation^i, etc. 

Fig: |3]A. gives strong evidence of metastability at low 
temperature in that the low-resistance-state obtained af- 
ter the sample is exposed to strong magnetic field is re- 
tained even after the magnetic field is removed. The 
high resistance state is recovered when the tempera- 
ture is raised to sufficiently high value and then zero- 
field cooled back to the low temperature. As the tem- 
perature is increased, due to thermal fluctuation, the 
width of the hysteresis curve gets reduced. The rate at 
which the magnetic field is swept, has been kept con- 
stant for all measurements. The temperature and mag- 
netic field dependence of resistivity of a typical electron- 
ically phase-separated polycrystalline manganite sam- 
ple Pro.65(Cao.6Sro.4)o.35Mn03 (PCSMO) has been com- 
pared with that for LSPC3 (Fig: HP), showing similar 
evidence of metastability. This metastability has been 
directly verified from magnetic relaxation measurements 
carried out at different constant temperatures over the 
temperature range 4 — 250 K. A magnetic field of 50 kOe 
was applied for 60 sec after which the field was removed, 
followed by data collection over a time-span of 2 hours. 
The magnetic relaxation data shown in Fig: HJB corre- 
sponds to LSPC3. The long-time relaxation is clearly 
logarithmic and the negative slope-value of the reduced 
magnetization vs. time curves increases systematically 
as the temperature is decreased up to 100 K. Below 100 
K, a completely opposite trend is observed (Fig: |1J3). 



The magnetic relaxation at long time scales can be de- 
scribed approximately by the expression M{t)/M{tn) = 
1 -I- S\og[t/tn)- Here, S is called magnetic viscosity, and 
tn and M(tn) are the normalization time and the cor- 
responding magnetization at that point in time, respec- 
tively. The logarithmic relaxation can be attributed to 
a free energy landscape containing local minima corre- 
sponding to different equilibrium states separated by en- 
ergy barriers. Or to put it in another way, after the mag- 
netic field is removed, the charge-ordered fraction tries 
to reappear at the expense of ferromagnetic fraction, re- 
sulting in long-time relaxation. At low temperature, af- 
ter removing the magnetic field, the system gets trapped 
in a frozen cluster-glass like state due to the frustration 
at ferromagnetic (FM)/ antiferromagnetic (AFM) inter- 
faces which relaxes extremely slowly with time, compared 
to higher intermediate temperature. Such long-time re- 
laxation is only observed for LSPCl and LSPC3, the rest 
of the samples do not exhibit any significant magnetic 
relaxation. Interestingly, so far as magnetotransport is 
concerned, the manifestation of metastability is more dis- 
tinct in LSPCl and LSPC3, compared to the other sam- 
ples. As the thickness of the LSMO and PCMO layers 
is increased the observed metastability is comparatively 
less pronounced, suggesting the importance of the length 
scale of these inhomogeneities. Moreover, if the volume 
fraction of LSMO is increased compared to PCMO, the 
signatures of metastability get even weaker. 

The highest value of MR at room temperature is about 
36% (Fig: |3p), which is comparable to or better than 
that corresponding to all-ferromagnetic manganite mul- 
tilayers reported so far—i^^. The direct exchange cou- 
pling between FM/AFM layers due to the proximity of 
the ferromagnetic LSMO layers can induce an effective 
internal fiel d^^'^^ The large value of MR observed in our 
case can be attributed to the lowering of critical magnetic 
field needed externally for melting of charge ordered state 
due to the introduction of ferromagnetic layers which can 
produce large internal magnetic field. In bulk PCMO 
samples, the ground state is a charge-ordered (CO) AFM 
phase23. However, for LSMO/PCMO or LCMO/PCMO 
multilayers, it has been observed that while the PCMO 
layers are still AFM, the CO state is not realized^ i^^'^^ . 
Due to the strong electron-phonon coupling, strain fields 
play a key role in the formation of CO phase. Thus the 
suppression of charge ordering in the above-mentioned 
experiments must be related with lattice strain and inter- 
face clamping^. Even in our case, since the critical mag- 
netic field for melting of charge ordering in the PCMO 
film is distinctly higher compared to the bulk, the effect 
of strain fields cannot be ruled out. 

All the multilayers show remarkable bias-stability at all 
temperature, over at least 4 orders of magnitude (Fig:|3K, 
B). This suggests that the multilayers are free from 
extrinsic effects such as spin dependent inter-granular 
transport^^i21. The sharp bias dependence of MR for 
a granular Ndo.erSro.saMnOa is shown in the inset of 
Fig: for comparison. The negligible bias dependence 
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of MR is ideally suited for application as magnetoresis- 
tive sensors. The fact that there is no hysteresis in the 
magnetic field dependence of MR above 100 K, adds to 
the prospect of the multilayers being qualified as poten- 
tial magnetoresistive sensors. The resistivities of all the 
samples are reasonably low and epitaxial manganite films 
are known to exhibit extremely low 1// noiseSS. 

As mentioned in the introduction, there are a few re- 
ports on all-manganite FM-metal/AFM- insulator super- 
lattice systems^J^"— . While some of them deals with 
magnetic properties and exchange biasing effect at the 
FM-AFM interfaces^ii^ii^ii^, in some cases, magneto- 
transport properties have also been studied. For exam- 
ple, large low field magnetoresistance (LFMR) has been 
observed in LCMO/PCMO superlattice-lS'ia. However, 
in such cases there is hardly any evidence of the influ- 
ence of charge ordering and the LFMR is observed round 
about the Curie temperature of LCMO and the enhance- 
ment of MR compared to the parent LCMO film (which 
is known to exhibit colossal MR anyway) is not substan- 



tially high. In our case, the enhancement of MR has 
been observed over a large temperature range, without 
using colossal magnetoresistive material such as LCMO. 
Moreover, the magnetotransport properties give strong 
evidence of the influence of charge ordering, which can be 
easily destabilized using magnetic field, in complete con- 
trast to the highly stable charge-ordered state in PCMO 
film described here and reported by other group^^. 

To conclude, colossal enhancement of MR has 
been achieved over a wide temperature range in 
LSMO/PCMO multilayers, rarely observed in any man- 
ganite multilayers till date. The colossal magnetore- 
sistance has been attributed to the melting of charge- 
ordered state by magnetic field. There is no fundamental 
difference between the observed transport and magnetic 
properties of the multilayers (such as metastability and 
long-time relaxation) where the nanoscale phase separa- 
tion has been introduced artificially and that of sponta- 
neously phase-separated manganites. 
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